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Efficient differentiation of embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs)
to a variety of lineages requires step-wise ap-
proaches replicating the key commitment stages
found during embryonic development. Here we
show that expression of PdgfR-a segregates mouse
ESC-derived Flk-1 mesoderm into Flk-1+PdgfR-a+
cardiac and Flk-1+PdgfR-a hematopoietic subpop-
ulations. By monitoring Flk-1 and PdgfR-a expres-
sion, we found that specification of cardiac meso-
derm and cardiomyocytes is determined by
remarkably small changes in levels of Activin/Nodal
and BMP signaling. Translation to human ESCs and
iPSCs revealed that the emergence of cardiac meso-
derm could also be monitored by coexpression of
KDR and PDGFR-a and that this process was simi-
larly dependent on optimal levels of Activin/Nodal
and BMP signaling. Importantly, we found that indi-
vidual mouse and human pluripotent stem cell lines
require optimization of these signaling pathways for
efficient cardiac differentiation, illustrating a principle
that may well apply in other contexts.
INTRODUCTION
The potential to generate functional cell types from ESCs and
iPSCs offers unprecedented opportunities to develop novel
cell-based therapies for degenerative diseases, to establish
predictive drug toxicology tests, to study the earliest stages of
human development, and to model human disease in culture.
Among the different cell types that can be derived from pluripo-
tent stem cells (PSCs) in culture, the cardiovascular lineages are
of particular interest because heart disease is the leading cause
of death in the western world, congenital abnormalities of the
heart are relatively common, and unexpected cardiac toxicity
prevents many new drugs from reaching the market. For the
above therapeutic, disease discovery, and predictive toxicology228 Cell Stem Cell 8, 228–240, February 4, 2011 ª2011 Elsevier Inc.applications of PSC-derived cell types to become a reality, strat-
egies need to be developed that promote the efficient and repro-
ducible differentiation of both ESCs and iPSCs to the cardiac
lineage (Murry and Keller, 2008). The most successful differenti-
ation approaches to date are those that have recapitulated,
in vitro, the regulatory pathways that control the establishment
of the corresponding lineage in the early embryo.
Using cues from developmental biology, significant advances
have been made in our understanding of cardiac differentiation
from mouse and human ESCs and findings from these studies
have demonstrated that one of the earliest stages of differentia-
tion, the induction of cardiac mesoderm, can be monitored by
the temporal expression KDR (Flk-1) (Kattman et al., 2006; Mor-
etti et al., 2006; Yang et al., 2008). Although the identification of
KDR/Flk-1 as a cardiac mesoderm marker did provide a means
of measuring mesoderm induction and isolating mesoderm pop-
ulations, relying solely on this receptor as a marker of early
cardiac induction is problematic because it is expressed on
different mesoderm populations (Ema et al., 2006; Motoike
et al., 2003). To be able to specifically monitor the onset of
cardiac development, it is necessary to identify new markers
that segregate populations at the mesoderm stage of develop-
ment. PdgfR-a is a potential candidate marker for such studies,
as shown by the fact that it is coexpressed with Flk-1 in the
cardiac mesoderm at embryonic stage 7.5 (E7.5) (Kataoka
et al., 1997) and is found on cardiac progenitor cells in the
cardiac crescent of Nkx2.5 null embryos (Prall et al., 2007).
Analysis of serum-induced mESC-derived populations re-
vealed that cardiomyocyte potential could be identified in the
Flk-1+PdgfR-a+ fraction (Hirata et al., 2007), further supporting
the concept that PdgfR-a can be used as a marker of early
cardiac development in PSC cultures.
To promote efficient cardiovascular differentiation from PSCs,
it is necessary to elucidate and control the signaling pathways
that regulate the establishment of these lineages during embry-
onic development. Studies with different model organisms have
demonstrated that the Activin/Nodal/TGF-b, Wnt, and BMP
pathways all play pivotal roles in establishment of the cardiovas-
cular system (Conlon et al., 1994; Gadue et al., 2006; Haegel
et al., 1995; Klaus et al., 2007; Ladd et al., 1998; Liu et al.,
1999, 2007; Marvin et al., 2001; Schneider and Mercola, 2001;
Schultheiss et al., 1997; Tzahor and Lassar, 2001; Yatskievych
Figure 1. Activin and BMP4 Induce Flk1 and
PdgfR-a Populations during mESC Differen-
tiation
(A) Schematic of mESC and miPSC differentiation.
During stage 1, the cells are induced with varying
concentrations of activin and BMP4. At day 3,
EBs are analyzed by flow cytometry. During stage
2, whole unsorted populations or FACs-sorted
cells are cultured in cardiac conditions. At day 7,
the cardiac cultures are harvested and the cells
analyzed by flow cytometry.
(B) Analysis of Flk-1 and PdgfR-a expression after
induction of T-GFP mESCs with the indicated
concentrations of activin and BMP4. All cultures
contained VEGF (5 ng/ml).
See also Figure S1.
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tions of activin A and BMP-4 will induce cardiovascular develop-
ment in serum-free human ESC (hESC) cultures (Laflamme et al.,
2007; Yang et al., 2008). However, these studies did not define
a stage-specific role for these factors nor did they investigate,
in detail, the influence of different levels of signaling on the differ-
entiation program.
In the present study, we evaluated the role of the Activin/Nodal
and BMP4 signaling pathways on the induction of cardiac meso-
derm in mouse and human PSC differentiation cultures as moni-
toredby thecoexpressionofFlk-1/KDRandPdgfR-a.Withmouse
PSCswe show that small changes in the amount of either Activin/
Nodal or BMP4 signaling dramatically changes the proportion of
Flk-1+PdgfR-a+ cardiac mesoderm that develops in the EBs.
Optimally induced EBs consisted of greater than 60% Flk-1+
PdgfRa+ cells and generated cultures highly enriched in cardio-Cell Stem Cell 8, 228–240myocytes (>60%) without the need for
cell sorting. Manipulation of these path-
ways in human PSC cultures resulted in
a similar efficient induction of greater
than 50% KDR+PDGFR-a+ populations
that also generated enriched cardiomyo-
cyte populations without cell sorting.
Application of these principles to indi-
vidual human iPSC (hiPSC) differentiation
cultures allowed for the optimization of
conditions that promote the generation
of cardiac mesoderm and cardiomyo-
cytes. Thefindingspresented in this report
highlight the importance of elucidating the
optimal signaling networks and moni-
toring quantitatively the earliest stages of
lineagecommitment for achievingefficient
and reproducible differentiation of PSCs.
RESULTS
Combinations of Activin A and
BMP4 Induce Flk-1+ and PdgfR-a+
Populations in mESC Cultures
For serum-free (SF) differentiation of
mouse ESCs, embryoid bodies (EBs)were generated and cultured for 2 days in SF media in the
absence of any factors as previously described (Figure 1A; Nos-
tro et al., 2008). At day 2 (stage 1), the EBs were harvested and
the cells were dissociated and reaggregated in SF media in the
presence of VEGF (5 ng/ml) and varying concentrations of Activin
A (hereafter referred to as activin) (0–4 ng/ml) and BMP4 (0.1–
12.5 ng/ml). The induced EBs were analyzed 28 hr later (day 3;
D3) by flow cytometry for the presence of Flk-1 and PdgfR-a.
In the absence of activin, cell yield was low, but the ESCs did
differentiate to generate three distinct populations: Flk-1+
PdgfR-a (F+P), Flk-1PdgfR-a+ (FP+), and Flk-1PdgfR-a
(FP). Few Flk-1+PdgfR-a+ (F+P+) cells developed under these
conditions (Figure 1B). Increasing the concentration of activin
from 1 ng/ml to 4 ng/ml in the presence of low concentrations
of BMP4 had a striking effect and resulted in the emergence of
a large F+P+ population, reaching more than 60% of the entire, February 4, 2011 ª2011 Elsevier Inc. 229
Figure 2. The F+P+ Population Is Highly Enriched in Cardiac Potential and Represents Cardiac Mesoderm
(A) Cardiogenic and hematopoietic potential of the F+P+ and the F+P populations. T-GFP mESCs were induced with activin (4 ng/ml), BMP4 (0.1 ng/ml), and
VEGF (5 ng/ml). At day 3, the F+P+ and the F+P populations were isolated by cell sorting and the cells plated asmonolayers in cardiac conditions. The proportion
of cTnT+ cardiac and CD41+ hematopoietic cells generated by the two fractions at day 7 of culture is shown.
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Cardiovascular Differentiation of PSC LinesEBs in cultures induced with 4 ng/ml activin and either 0.1 or
0.5 ng/ml of BMP4. Increasing concentrations of BMP4 inhibited
the activin-induced generation of F+P+ cells and promoted the
development of the F+P population. In the absence of BMP4,
few viable cells remained (data not shown). The dramatic
increase in size of the F+P+ population with each doubling of
the activin concentration highlights the sensitivity of the system
to this signaling pathway.
Addition of theWnt inhibitor DKK1 to the cultures from days 2–
3 of differentiation blocked the development of the T+ (brachyury)
primitive streak population (Kouskoff et al., 2005) and the Flk-1+
PdgfR-a+ cardiac mesoderm (Figure S1 available online), con-
firming previous studies demonstrating that these early differen-
tiation steps were dependent on Wnt signaling (Gadue et al.,
2006; Liu et al., 2007; Paige et al., 2010; Ueno et al., 2007). Addi-
tion of exogenous Wnt3a (up to 21 ng/ml) had no effect on the
development of the F+P+ population (data not shown). Collec-
tively these findings demonstrate that activin and BMP regulate
the development of the F+P+ population from mESCs in a
concentration dependent-manner in the presence of endoge-
nous Wnt signaling.
The F+P+ and F+P populations induced with activin (4 ng/ml)
and BMP4 (0.1 ng/ml) were isolated by cell sorting at day 3 of
differentiation and the cells were plated as a monolayer in
cardiac conditions (stage 2, Figure 1A; Kattman et al., 2006).
After 4 days in monolayer culture (7 days total culture), the pop-
ulations were harvested and analyzed for expression of the
cardiac isoform of Troponin T (cTnT) by means of intracellular
flow cytometry. As shown in Figure 2A, the F+P+-derived popu-
lation consisted of more than 50% cTnT+ cardiomyocytes by
day 7. In contrast, the F+P population generated few cardio-
myocytes (<1%) but did give rise to a substantial population
that expressed the hematopoietic marker CD41 (Ferkowicz
et al., 2003; Mikkola et al., 2003). The F+P+ population did not
generate significant number of CD41+ cells (<1%). These
findings demonstrate that the F+P+ population at this stage of
development contains a cardiogenic population whereas the
F+P population appears to represent mesoderm fated to the
hematopoietic lineage.
Although we observed the induction of a large F+P+ population
in the presence of 4 ng/ml of activin in our initial studies, the
routine generation of these cells was more consistent with
double the amount of activin (8 ng/ml) and 0.5 ng/ml of
BMP4 with this cell line. Concentrations of activin greater than
8 ng/ml did not result in any further increase in the size of this
population. Under these conditions the F+P+ fraction typically
represented more than 50% of the total EB population (Fig-
ure 2B). When induction levels of F+P+ were 60% or greater, it
was possible to generate highly enriched cardiomyocyte popula-
tions by simply replating the unfractionated EB cells as a mono-
layer in cardiac conditions. As shown in Figure 2B, the frequency(B) Generation of cTnT+ cells from isolated F+P+ cells or unfractionated EB cells in
plated at 100,000 cells per microtiter well and analyzed 4 days later. Total myoc
(C) The proportion of cTnT-, Sma-, and CD31-positive cells in the F+P+-derived p
(D) Quantitative PCR-based expression analyses of day 2 and day 3 EBs, the isola
layer at days 1–4 (4–7 total) of culture. EBs were induced as in (A). Expression lev
indicate the SD of the mean from three experiments. Statistical analysis was per
See also Table S1.
Cof cTnT+ cells (>60%) was similar in cultures generated from the
isolated F+P+ cells and the unsorted population. An average yield
of 4.5 cardiomyocytes per input mESC was achieved with opti-
mized differentiation and sorting of the F+P+ population. The
majority of the cTnT+ cells also expressed Sma (Figure 2C), an
observation consistent with previous studies in the chick demon-
strating that the earliest embryonic cardiomyocytes are Sma+
(Ruzicka and Schwartz, 1988; Sugi and Lough, 1992). Most of
the cTnT-negative cells also expressed Sma, indicating that
they represent the smooth muscle and/or cardiac fibroblast
lineage cells. Few CD31+ endothelial cells were detected, prob-
ably reflecting the fact that the cultures were not optimized for
endothelial cell differentiation and growth. Taken together, these
data demonstrate that the BMP4/activin-induced F+P+ popula-
tion is enriched for cardiac potential.
Molecular analyses of populations at different stages including
uninduced (day 2) and induced (day 3) EBs, isolated F+P+ and
F+P fractions and monolayer cultures generated from the
F+P+ fraction revealed patterns consistent with normal cardiac
development. Expression ofMesp1, a gene expressed in cardiac
mesoderm in the embryo (Saga et al., 1996, 1999), increased
dramatically between days 2 and 3 of differentiation and segre-
gated to the F+P+ population (Figure 2D). Within 24 hr of mono-
layer culture, the levels of expression dropped and remained
low for the duration of the culture. Expression of Isl1, Nkx2.5,
Tbx5, and mef2c was upregulated during the first 24–48 hr of
monolayer culture, indicating specification and development of
the cardiac lineage during this time frame. Contracting cardio-
myocytes were consistently detected at day 5 of differentiation.
Scl, a marker of early hematopoietic and vascular development,
was expressed at highest levels in the F+P population, consis-
tent with its potential to generate CD41+ hematopoietic cells.
With the development of contracting cardiomyocytes, we
observed the upregulation of expression of Mlc2a, Mlc2v, and
Nppa (data not shown). These data strongly suggest that the ac-
tivin/BMP4-induced F+P+ population represents the in vitro
equivalent of cardiac mesoderm that can efficiently differentiate
to cardiomyocytes.
Activin and BMP4 Induce F+P+ Cardiogenic Mesoderm
in Mouse iPSC Differentiation Cultures
To determine whether the directed differentiation approach
optimized for mESCs was applicable to pluripotent stem cells
in general, we tested three different miPSC lines: Oct4-GFP
and Sox2-GFP derived from reprogrammed fibroblasts contain-
ing GFP targeted to the Oct4 or Sox2 locus, respectively (Stadt-
feld et al., 2008), and EOS3F-29 generated from reprogrammed
fibroblasts that had been infected with the EOS lentiviral vector
engineered to express GFP under control of Oct4 regulatory
elements (Hotta et al., 2009). As observed with the mESCs, the
Oct4-GFP cell line did generate a substantial F+P+ populationduced with activin (8 ng/ml), BMP4 (0.5 ng/ml), and VEGF (5 ng/ml). Cells were
ytes is based on the proportion of cTnT+ cells.
opulation at day 7 of culture.
ted F+P+ and F+P fractions from day 3 EBs, and cells from the cardiac mono-
els relative to Actb from three independent experiments are shown. Error bars
formed with unpaired t test, *p < 0.01.
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Figure 3. Cardiac Potential of miPSCs
(A) Induction of day 3 Flk-1/PdgfR-a populations
from Oct4-GFP miPSCs with different concentra-
tions of BMP4 and activin. All cultures contained
VEGF (5 ng/ml). Numbers represent percentage
of cells in each gate.
(B) Cardiac potential of Oct4-GFP miPSCs
induced with activin (8 ng/ml), BMP4 (0.5 ng/ml),
and VEGF (5 ng/ml). At day 3 of induction, unfrac-
tionated EB cells were plated at 100,000 cell per
mictrotiter well in cardiac conditions. The cells
were harvested and analyzed at day 7 of culture.
Numbers represent percentage of cells in each
gate.
(C) qPCR-based expression analysis of miPSC-
derived populations. D2, D3: whole EB popula-
tions; F+P+, F+P: isolated fractions; D4: 1-day-
old monolayer culture. The populations were
induced as in (B). Expression levels relative to
Actb from three independent experiments are
shown. Error bars indicate the SD of the mean
from three experiments.
See also Movie S1 and Figure S2.
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concentrations of BMP4 (Figure 3A). Increasing the amount of
BMP4 led to an increase in the size of the F+P populations in
the presence of the different concentrations of activin tested.
When replated in monolayer cultures, EB-derived cells induced
with activin 8 ng/ml and BMP4 0.5 ng/ml differentiated within
4 days to give rise to a population consisting of 65% contracting
cTnT+ cells (Figure 3B; Movie S1). As observed with the mESCs,
Mesp1 was expressed in the F+P+ population and preceded
expression of Isl1 and Nkx2.5 (Figure 3C). The other two miPSC
lines, Sox2-GFP and EOS3F-29, responded well to a similar
range of factor concentrations and generated F+P+ populations
that represented greater than 65% of the entire culture (Figures
S2A and S2B). When cells generated in optimized conditions are
replated in the cardiac monolayer cultures, they gave rise to
populations that contained between 36% and 54% cTnT+232 Cell Stem Cell 8, 228–240, February 4, 2011 ª2011 Elsevier Inc.cells, respectively. Taken together, these
findings clearly demonstrate that F+P+
cardiac mesoderm and cardiomyoctes
can be efficiently specified in SF
differentiation cultures from multiple
miPSC lines.
Activin/Nodal and BMP4 Induce
KDR+PDGFR-a+ Cardiogenic
Mesoderm in Human PSC Cultures
We were next interested to determine
whether KDR and PDGFR-a expression
could be used to monitor cardiac meso-
derm development from human ESCs
(hESCs) after induction with activin and
BMP4. For these studies,weusedamodi-
fied version of our previously described
protocol (Figure S3A; Yang et al., 2008).
When induced with activin and BMP4,
the hESC line HES2 generated different-sized KDR+PDGFR-a (K+P), KDR+PDGFR-a+ (K+P+),
KDRPDGFR-a+ (KP+), and KDRPDGFR-a (KP) popula-
tions at day 5 of differentiation (Figure 4A). In the presence of
1 ng/ml of BMP4, no K+P or K+P+ cells were observed at any
of the activin concentrations tested. At a 10-fold higher concen-
tration of BMP4 (10 ng/ml), K+P and K+P+ populations were de-
tected under all conditions of activin induction. The absence of
activin favored the development of the K+P population,
whereas intermediate concentrations of activin (3 ng and 6 ng)
induced relatively large K+P+ populations. Higher amounts of
activin led to a reduction in the size of the K+P+ population
and promoted the development of KP cells, which may be
indicative of the emergence of definitive endoderm. As
observed in the mouse ESC differentiation cultures, increasing
concentrations of BMP4 reduced the size of the K+P+ popula-
tion that developed in the presence of optimal levels of activin,
Figure 4. KDR and PDGFR-a Are Expressed
on Cardiac Mesoderm Generated from
hESCs
(A) Induction of K+P+ populations in day 5 EBs with
varying concentrations of BMP4 and activin. All
cultures contain bFGF (5 ng/ml). Numbers repre-
sent percentage of cells in each gate.
(B) Percent of CTNT+ cardiomyocytes at day 20 of
culture in EBs induced with factor combinations
corresponding to those shown in (A).
(C) Expression (qPCR) of MESP1 and NKX2.5 in
EBs at the indicated days after induction with acti-
vin 6 ng/ml and BMP4 10 ng/ml. Error bars indicate
the SD of the mean from six experiments. Primer
sequences are listed in Table S2.
(D) SMA and CTNT expression in day 18 EBs
induced with activin 6 ng/ml and BMP4 10 ng/ml.
(E) Cardiac potential of isolated K+P+ cells or whole
EB-derived cells cultured as monolayers in cardiac
conditions. HES2 hESCs derived with activin 6 ng/
ml and BMP4 10 ng/ml were analyzed for CTNT
after 9 days of monolayer culture.
(F) Fluorescent microscopy of a monolayer gener-
ated from sorted K+P+ cells, stained with antisar-
comeric a-actin (red) and dapi (blue).
See also Figures S3 and S4, Table S2, and
Movie S2.
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day 20 revealed that cultures induced with 3 ng/ml or 6 ng/ml
of activin and 10 ng/ml of BMP4 yielded the highest
percentage of cardiomyocytes, indicating that the presence
of K+P+ cells at day 5 is predictive of cardiac potential of
the developing EBs (Figure 4B). When BMP4 was increased
to 30 ng/ml, a K+P+ population was identified; however, few
CTNT+ cells were generated, possibly indicating the induction
of other types of mesoderm. For the hESC line HES2, the
range of 3–6 ng/ml of activin with 10 ng/ml of BMP4 was
found to be optimal for efficient and repro-
ducible cardiovascular development. Similar to observations
with the mouse cells, the addition of Wnt3a (up to 21 ng/ml)
from days 1 to 4 had little impact on cardiac development
(data not shown). EBs induced under optimal conditions upre-
gulated expression of MESP1 between days 3 and 4 of differ-
entiation and NKX2.5 by day 8 of differentiation (Figure 4C;
Table S2). By day 20 of differentiation, these EBs typically
contain between 50% and 70% CTNT+ cells and between
10% and 40% SMA+ cells, suggesting that they are comprised
primarily of cardiomyocytes and vascular smooth muscle cells
and/or fibroblasts (Figure 4D).
To determine the cardiogenic potential of the K+P+ popula-
tion, the cells were sorted and cultured as monolayers under
cardiac conditions. Within 9 days of culture, the cells differen-
tiated to generate populations highly enriched (80%) forCell Stem Cell 8, 228–240CTNT+ cells (Figure 4E). These popula-
tions formed contracting sheets of cardi-
omyocytes when plated as a monolayer,
as observed with the mouse cells (Movie
S2). When cultured under the same
monolayer conditions, the unfractio-nated cells generated a differentiated population that displayed
the same high frequency of CTNT+ cells, indicating that the day
5 EBs, induced with optimal concentrations of BMP4 and acti-
vin, were highly enriched for cardiac mesoderm. Consistent
with the generation of functional cardiomyocytes, cells in
monolayer culture showed a striated pattern when stained for
sarcomeric a-actinin (Figure 4F). Monolayer cells generated
from day 5 sorted K+P+ cells expressed the cardiac genes
NKX2.5 and TNNT2 as well as CALPONIN and low levels of
DDR2, indicative of the presence of vascular smooth muscle
cells and fibroblasts in addition to cardiomyocytes (Figure S4).
Expression of CD31 was not detected, suggesting that endo-
thelial cells are either not specified or supported under the
conditions used. Genes indicative of hematopoietic commit-
ment (GATA1), somitic mesoderm formation (MEOX), endo-
derm (FOXA2 and SOX17), and neuroectoderm (NEUROD1)
development and maintenance of hESCs (OCT4) were not de-
tected in the monolayer cultures, indicating that there was little
contamination with undifferentiated hESCs or with other meso-
derm- or germ layer-derived lineages. Through optimization of
the cardiac mesoderm step, it is possible to generate an
average of between 2 and 3 CTNT+ cardiomyocytes per input
hESC by day 20 of culture. Collectively, these findings demon-
strate that induction of human cardiac mesoderm can be moni-
tored and isolated on the basis of KDR and PDGFR-a expres-
sion. In addition, they also show that EBs containing a large, February 4, 2011 ª2011 Elsevier Inc. 233
Figure 5. Endogenous NODAL Signaling
Promotes Cardiac Development in HES2-
Derived EBs
(A) Generation of the K+P+ population in the
absence and presence of activin.
(B) CTNT+ cells generated at day 14 of monolayer
culture from EB-derived cells induced under the
conditions in (A). EB cells were plated inmonolayer
culture at day 5 of differentiation. Data are repre-
sented as the ratio of total CTNT+ cells generated
in the absence of activin relative to the number
generated from EBs induced with optimal concen-
trations of activin (6 ng/ml). Data from three inde-
pendent experiments are shown.
(C) Expression of NODAL in EBs induced in the
absence or presence of activin.
(D) Generation of K+P+ cardiac mesoderm in EBs
treated with SB-431542 (SB) (5.4 mM) at the indi-
cated days of culture. HES2 cells were induced
with BMP4 (10 ng/ml) in the absence of activin
and SB was added at day 2, 3, or 4 of differentia-
tion. Populations were analyzed at day 5 of culture.
(E) CTNT+ cells generated from the SB-treated
EBs. At day 5, the EBs were dissociated and the
cells plated as monolayers for 9 days. At this point,
the cultures were harvested and the cells counted
and evaluated for expression of CTNT. Data are
represented as the ratio of CTNT+ cells in relation
to optimized induction conditions of activin 6 ng/ml
and BMP4 10 ng/ml with no SB, from three inde-
pendent experiments.
Error bars indicate the SD of the mean from three
experiments (B, C, E).
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population without the need for cell sorting.
The Role of Activin/Nodal in Generation of Cardiogenic
Mesoderm from Human PSC Cultures
As shown in Figures 4A and 5A, a substantial K+P+ population
developed in EBs in the absence of activin. These EBs did
generate cardiomyocytes although at a considerably lower
efficiency than those induced with activin (Figure 5B). One inter-
pretation of these findings is that the HES2 hESCs are producing
low levels of endogenous NODAL that supports some cardiac
mesoderm development. To determine whether this is the
case, we analyzed the undifferentiated hESCs and the EBs for
NODAL expression.NODALmessage was detected in the undif-
ferentiated ESCs. In the absence of activin, levels of expression
declined at day 1 of differentiation, increased at day 3, and then
declined again by days 4 and 5 (Figure 5C). A similar pattern was
observed in the EBs induced with activin, although the increase
at day 3 was approximately 6-fold higher compared to EBs
induced without it. To test whether these expression patterns
were indicative of Activin/Nodal signaling, we added the small
molecule SB-431542 (SB) (5.4 mM) (Inman et al., 2002), a specific
inhibitor of the Activin/Nodal/TGF-b pathway, to the BMP4
induced (no activin) cultures at daily intervals, beginning at the
onset of EB formation. The addition of SB at the beginning of
EB formation (day 0) or at day 1 of differentiation completely
blocked the generation of the KDR+ and PDGFR-a populations
(not shown). These cultures contained few viable cells by day234 Cell Stem Cell 8, 228–240, February 4, 2011 ª2011 Elsevier Inc.5. When the inhibitor was added at day 2, EBs formed and cell
viability was intact, but almost no K+P+ cells were generated
(Figure 5D). In contrast, addition of the inhibitor at day 3 or 4 of
differentiation resulted in the generation of K+P+ fractions that
represented 29% and 45% of the total EB population, respec-
tively. EBs inhibited at day 2 generated few CTNT+ cells,
whereas those inhibited at days 3 and 4 contained a substantial
number of these cells (Figure 5E). These observations strongly
suggest that endogenous NODAL does function to support
cardiomyocyte development in BMP-induced EBs. They also
indicate that cardiac mesoderm is specified between days 2
and 4 of differentiation, because blocking NODAL signaling after
this time did not inhibit the generation of the K+P+ population or
the development of CTNT+ cells. Rather, addition of SB at day 4
resulted in an increase in the size of the CTNT+ population gener-
ated compared to untreated EBs, suggesting that prolonged
NODAL signaling may inhibit cardiac specification.
Generation of Cardiac Mesoderm and Cardiomyocytes
from Multiple PSC Lines
We next sought to determine whether the hiPSC line MSC-iPS1
(Park et al., 2008) could generate cardiac mesoderm and cardi-
omyocytes when induced under the appropriate conditions.
Under conditions optimized for cardiac development from
HES2 cells, the iPSCs did not generate a substantial K+P+ pop-
ulation at day 5 of differentiation nor did they give rise to CTNT+
cardiomyocytes at later stages of culture (data not shown). To
optimize cardiovascular development from this hiPSC line, we
Figure 6. Generation of K+P+ Cardiac Mesoderm and Cardiomyo-
cytes from hiPSCs
(A and B) Expression of KDR and PDGFR-a on MSC-iPS1 hiPSC-derived
populations 4 days after induction with indicated concentrations of BMP4
and activin.
(C) Expression of BMP4 at day 0 of differentiation in HES-2 hESCs and
MSC-iPS1 hiPSCs.
(D) Day 14 CTNT expression from EBs induced with growth factor combina-
tions corresponding to those shown in (A) and treatment with dorsomorphin
and SB at day 3 of differentiation. Statistical analysis was performed with
unpaired t test, *p < 0.01.
Error bars indicate the SD of the mean from three experiments (B) and six
experiments (C). See also Figure S3.
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protocol (Figure S3B). We found that increasing the concentra-
tion of BMP-4 from 0.5 ng/ml to 5 ng/ml during the EB stage of
development (days 0 to 1) improved the efficiency of differentia-
tion. Kinetic analyses of MSC-iPS1-derived EBs induced with
different concentrations of BMP-4 and activin revealed that the
K+P+ population emerged at day 4 rather than at day 5, as
observed with the HES2 cell line (data not shown). The largest
K+P+ populations were induced in the absence of activin and in
the presence of either 2 ng/ml or 10 ng/ml of BMP-4 (Figures
6A and 6B). The addition of activin at concentrations that
promote cardiac development (6 ng/ml) from HES2 cells sub-
stantially reduced the size of the K+P+ population at day 4. Induc-
tion of the K+P+ population with BMP4 concentrations as low as
2 ng/ml of BMP4 in the absence of activin distinguishes the
response of the MSC-iPS1 hiPSCs from HES2 cells and
suggests that the these cells may be producing endogenous
BMPs and NODAL that could alter their requirement for exoge-
nous factors. As shown in Figure 6C, this may be the case
because MSC-iPS1 cells express approximately 4-fold more
BMP4 message than HES2 cells. The levels of NODAL are
comparable to those found in HES2 cells (data not shown).
When allowed to differentiate under conditions supportive of
cardiac development, the day 4 EBs containing the K+P+ popu-
lations still did not generate cardiomyocytes. In an attempt to
generate cardiomyocytes from these populations, we next
tested the following manipulation. The first was to inhibit NODAL
signaling at day 3, because our above studies suggested that
inhibition of this pathway, after induction of cardiac mesoderm,
may promote cardiomyocyte differentiation (Figures 5D and
5E). The second was to inhibit (or reduce) BMP signaling
because we have recently found that a strong BMP signal during
the cardiac maturation stage can reduce cardiomyocyte devel-
opment. When treated with the combination of the Nodal inhib-
itor SB (5.4 mM) and the BMP inhibitor dorsomorphin (0.6 mM)
(Hao et al., 2008; Yu et al., 2008) at day 3, the MSC-iPS1 iPSC
line did generate CTNT+ cardiomyocytes. The same effect was
observed when the BMP antagonist Noggin was used in place
of dorsomorphin (data not shown). The highest frequency and
total number of CTNT+ cells were generated in the EBs induced
with 2 ng/ml of BMP-4 in the absence of activin (Figure 6D).
Although the overall total yield of CTNT+ cells from the MSC-
iPS1 line is lower than that generated from HES2 cells, reaching
only 11% of cardiomyocytes, these findings demonstrate that
with appropriate manipulations, hiPSCs can be induced to
generate K+P+ cardiac mesoderm and CTNT+ cardiomyocytes.
Taken together, these observations indicate that inhibition of
Activin/Nodal/TGF-b and BMP signaling after induction of
cardiac mesoderm is required for the differentiation of cardiac
lineage from this hiPSC line.
We next wanted to determine whether staged inhibition of
Activin/Nodal and BMP signaling was required for optimal cardi-
omyocyte development from other human PSCs. The H1 hESC
line generates low numbers of cardiomyocytes via the standard
induction protocol (Yang et al., 2008). As shown in Figure 7A,
these cells do differentiate and give rise to substantial K+P+ pop-
ulations by day 4 of differentiation when induced with 1 ng/ml of
BMP4 at day 0, followed by 10 ng/ml of BMP-4 either alone or
together with 3 or 6 ng/ml of activin (Figure 7A; Figure S3C).CHigher levels of activin decreased the size of this population.
Despite the induction of large K+P+ populations, few cardio-
myoctyes developed in any of the conditions after additional
time in culture (data not shown). To promote cardiomyocyte
differentiation, SB (5.4 mM) and different concentrations of dor-
somorphin were added to the EB cultures at day 3 of differenti-
ation. While addition of inhibitors improved cardiomyocyte
development after induction in most groups, the highest number
of cardiomyocytes was observed from mesoderm induced with
10 ng/ml BMP4 and 6 ng/ml of activin. Addition of SB resulted
in an increase in the frequency and total number of CTNT+ cells
generated in these cultures (Figure 7B). Cardiomyocyte develop-
ment was further enhancedwith the addition of dorsomorphin. In
the presence of SB and 0.25 mM dorsomorphin, the population
consisted of >60% CTNT+ cells and the total number of CTNT+
cells was almost 4-fold higher than that found in the cultureell Stem Cell 8, 228–240, February 4, 2011 ª2011 Elsevier Inc. 235
Figure 7. Generation of Cardiac Mesoderm
and Cardiomyocytes from H1 hESCs and
38-2 hiPSCs
(A) Expression of KDR and PDGFR-a on H1 hESC-
derived populations at day 4 of culture after induc-
tion with 10 ng/ml BMP4 and indicated concentra-
tions of activin. EBs were generated (day 0-1) in the
presence of 1 ng/ml BMP4 and then induced with
BMP4 and activin for 2 days. At day 3 of differenti-
ation, the media was changed to cardiogenic
conditions, as previously described, and supple-
mented with SB 5.4 mM and dorsomorphin
0.25 mM. Inset numbers represent the percentage
of gated cells.
(B) Percentage of CTNT+ cells (gray bars) and total
number of CTNT+ cells (black bars) at day 20 of
differentiation from an initial seeding of 250,000
cells. Cultures were induced with BMP4 10 ng/ml
and activin at 6 ng/ml. Control cultures were not
supplemented with SB or dorsomorphin at day 3
of differentiation. The remaining cultures received
SB and various concentrations of dorsomorphin
from day 3 to day 5 of differentiation as indicated.
(C) Expression of KDR and PDGFR-a on 38-2
hiPSC-derived cells at day 4 of culture, after induc-
tion with indicated concentrations of BMP4 and
activin. At day 3 of differentiation, media was
changed to cardiac conditions with the addition of
SB 5.4 mM. At day 5, SB was removed and cells
were cultured in cardiogenic conditions for addi-
tional 9 days. Inset numbers represent the
percentage of gated cells.
(D) Percentage of CTNT+ cells at day 14 of differen-
tiation. Numbers inside boxes represent %CTNT
from cultures induced with the indicated concen-
trations of activin and BMP4.
See also Figure S3.
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dorsomorphin did not result in a further increase of cardiac
development.
In the final analysis, we evaluated the cardiac potential of
a hiPSC line (38-2) from which the reprogramming factors
were removed (Nostro et al., 2011). K+P+ populations were
induced by 4 days of differentiation under most conditions
tested (Figure 7C; Figure S3D). As observed with the MSC-
iPS1 cell line, however, few cardiomyocytes developed from
any of the K+P+ populations in the absence of SB. Addition
of SB at day 3 resulted in the generation of CTNT+ in most
of the cultures, although the frequency did vary (Figure 7D).
Unlike the H1 cultures, the addition of dorsomorphin along
with SB had little effect on these cultures. Cardiomyocytes
developed from mesoderm induced with low levels of BMP
(2 ng/ml) in the absence of activin or in the presence of
3 ng/ml of activin. This frequency of CTNT+ cells diminished
with increasing concentrations of either activin or BMP4. In
total, these data suggest that optimal concentrations BMP
and activin/nodal must be achieved for both K+P+ cardiac
mesoderm induction and specification of these cells to the
cardiomyocyte lineage.236 Cell Stem Cell 8, 228–240, February 4, 2011 ª2011 Elsevier Inc.DISCUSSION
The findings in this study demonstrate that it is possible to effi-
ciently generate cardiovascular cells from different ESCs and
iPSCs and in doing so establish the following set of parameters
that can be broadly applied to lineage-specific differentiation of
PSCs. First, it is important to identify markers that can be used to
evaluate the efficiency of germ layer induction in a quantitative
fashion. With cardiovascular development, we have found that
coexpression of Flk-1/KDR and PDGFR-a can be used to effec-
tively monitor the emergence of cardiovascular mesoderm.
Second, it is important to manipulate the key signaling pathways
to optimize germ layer induction, because this is an essential first
step in generating a specific lineage. In this study, we observed
that different cell lines require different concentrations of activin
and BMP4 to generate the optimal size Flk-1/KDR+/PDGFR-a+
cardiovascular mesoderm population. Third, signaling pathways
need to be inhibited in a stage-specific fashion to promote
cardiomyocyte development from some human PSC lines. The
differential requirement for the addition of pathway antagonists
probably reflects differences in levels of endogenously produced
factors. Fourth, the kinetics of differentiation of each cell line
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Cardiovascular Differentiation of PSC Linesneeds to be evaluated to define the optimal stage of germ layer
induction.
Through the optimization of cardiac mesoderm development
in mouse and human cultures, it is possible to generate differen-
tiated populations highly enriched for cardiomyocytes (>60%)
without the need for cell sorting. This approach provides a simple
method for generating relatively large numbers of cardiovascular
cells from PSCs. Although Flk-1/KDR and PDGFR-a mark
cardiac mesoderm, their expression does not always predict
efficient differentiation to cardiomyocytes, such as when BMP4
is increased to 30 ng/ml during hESC differentiation. Currently,
it is unclear whether these populations represent cardiac meso-
derm that has not differentiated or the emergence of another
mesoderm population. Although the presence of the F+P+ popu-
lation does not always correlate with cardiomyocyte develop-
ment, the absence of the population always indicates a lack of
cardiomyocyte potential. Several recent studies have demon-
strated that miPSC and hiPSCs can give rise to cardiomyocytes
in culture (Kuzmenkin et al., 2009; Mauritz et al., 2008; Narazaki
et al., 2008; Pfannkuche et al., 2009; Zhang et al., 2009).
However, induction efficiencies were not reported in these
studies, so it is impossible to draw any comparisons to the find-
ings reported here. The use of FLK-1/KDR and PDGFR-a to
monitor cardiac mesoderm provides an easy first step for stan-
dardization of cultures between different labs.
The differential effects of the Activin/Nodal andBMPpathways
on the generation of cardiac mesoderm are striking and consis-
tent with their role in vivo. During embryonic development,
agonists and antagonists of these pathways establish signaling
gradients across the embryo, resulting in the specification of
appropriate germ layer populations and derivative tissues (Agius
et al., 2000; Gadue et al., 2006; Gritsman et al., 2000; Kubo et al.,
2004; Ladd et al., 1998; Lowe et al., 2001; Schultheiss et al.,
1997; Thisse et al., 2000). A distal-proximal Nodal gradient is
essential for gastrulation and functions to induce different prim-
itive streak populations (Conlon et al., 1994; Gadue et al., 2006;
Gritsman et al., 2000; Lowe et al., 2001; Lu and Robertson, 2004;
Thisse et al., 2000). Low levels of signaling promote posterior
mesoderm (yolk sac hematopoietic) development, while
increasing levels induce progressively more anterior populations
including cardiac and somitic mesoderm and definitive endo-
derm. BMP4, produced initially by the extraembryonic ecto-
derm, supports the development of posterior populations and
has been shown to display a dominant posteriorizing effect in
different model systems (Davis et al., 2004; Fujiwara et al.,
2002; Johansson and Wiles, 1995; Ladd et al., 1998; Ng et al.,
2005; Park et al., 2004). The observation in our mESC studies
that the generation of F+P+ cardiac mesoderm requires higher
concentrations of activin/nodal than the F+P hematopoietic
(posterior) mesoderm is consistent with the observed gradient
effect of nodal in the embryo. The loss of cardiac mesoderm
and increase in size of the hematopoietic F+P (posterior) meso-
derm population observed with increasing concentrations of
BMP4 demonstrates that the posteriorizing effect of BMP
signaling does occur under these culture conditions. Taken
together, these similarities between in vitro and in vivo lineage
commitment add additional support to the emerging concept
that the pluripotent stem cell model accurately recapitulates
embryonic development.CAn important aspect of our study was the finding that human
cardiac mesoderm also expresses PDGFR-a and that optimal
induction of this population also required titration of activin and
BMP4. These observations demonstrate that the early stages
of lineage commitment are highly conserved and that findings
from the mESC system can be translated to the human model.
Although the general cytokine responses of the human and
mouse cells were similar, there were some notable differences.
Both the hESC and hiPSC lines generated K+P+ cells in the
absence of activin, and the reduction in the size of the human
K+P+ population in the presence of high concentrations of
BMP4 was not as dramatic in the hESC cultures as observed
with the mouse cells. Some of these differences may be due to
higher levels of endogenous NODAL and BMP signaling in the
human PSC-derived populations. Endogenous signaling can
promote the development of specific cell populations, as
observed with the generation of K+P+ population in the HES2
hESC cultures induced with BMP in the absence of activin. Sus-
tained inappropriate endogenous signaling can also inhibit
lineage development as observed with the low levels of cardio-
myocyte development from the K+P+ populations generated
from the H1 hESC and the MSC-iPS1 and 38-2 hIPSC lines.
With these cell lines, cardiomyocyte development was enhanced
when Activin/Nodal or both Activin/Nodal and BMP antagonists
were added to the cultures immediately after the induction of
cardiac mesoderm. Collectively, these findings document an
important role for endogenously produced agonists and possibly
antagonists of signaling pathways in the generation of specific
cell types from pluriptotent stem cells. Consequently, it is the
optimization of exogenous and endogenous signaling (summa-
rized in Figure S3) that will ultimately determine the efficiency
of cardiac differentiation. Because levels of endogenous sig-
naling vary between different cell lines and possibly between
different passages of the same cell line, the cytokine screening
strategy outlined in this study will need to be applied to new
pluripotent stem cell lines as well as to existing lines in different
labs to optimize cardiac output.
In summary, the findings reported here demonstrate that the
induction of cardiac mesoderm in mouse and human PSC
cultures can be measured quantitatively by flow cytometry-
based analyses of Flk1/KDR and PDGFR-a. By monitoring
mesoderm induction, we show that it is possible to optimize
cardiac lineage development from different PSC lines with
appropriate concentrations of factors known to control these
development steps in the early embryo. These findings highlight
the importance of designing stage-specific strategies for PSC
differentiation that allow quantification and standardization of
key developmental steps.EXPERIMENTAL PROCEDURES
Mouse PSC Culture and Differentiation
The T-GFP mESCs were maintained in a modified serum-free (SF)/feeder-free
culture system as described previously (Gadue et al., 2006; Ying et al., 2003).
Oct4-GFP, Sox2-GFP (Stadtfeld et al., 2008), and EOS3F-29 (Hotta et al.,
2009) m-iPSCs were maintained on irradiated feeders in SF media. Prior to
differentiation, miPSCs were passaged two times on gelatin-coated dishes
in SF media to remove the feeder cells. All ESC and iPSC lines were differen-
tiated in SF media as described previously (Gadue et al., 2006). In
brief, ESCs were dissociated with TrypLE (Invitrogen) and cultured, atell Stem Cell 8, 228–240, February 4, 2011 ª2011 Elsevier Inc. 237
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Cardiovascular Differentiation of PSC Lines75,000–100,000 cells/ml, without any additional growth factors for 48 hr. The
2-day-old EBs were dissociated and the cells reaggregated in the presence
of various growth factors or inhibitors as indicated. Human Activin A, human
BMP4, human VEGF, and human DKK1 were purchased from R&D systems.
Aggregation induction for the cytokine grid experiments were carried out in
24-well low-cluster dishes (Corning, Corning, NY) in a total volume of 250 ml.
For all other mESC experiments, the cells were differentiated in 10 cm petri
dishes (BD). EBs were harvested 28–30 hr later (total of 3 days + 4–6 hr of
differentiation) and analyzed by flow cytometry or used for cell sorting. Sorted
or unfractionated populations were cultured in modified ‘‘cardiac conditions’’
(Kattman et al., 2006). In brief, 6 3 104–10 3 104 cells were seeded into indi-
vidual wells of a 96-well flat bottom plate (Becton Dickenson, Franklin Lakes,
NJ) coated with gelatin in StemPro-34 SF medium (Invitrogen), supplemented
with 2 mM L-glutamine, 1 mM ascorbic acid (Sigma), human-VEGF (5 ng/ml),
human-DKK1 (150 ng/ml), human bFGF (10 ng/ml), and human FGF10
(12.5 ng/ml) (R&D Systems). Cultures were harvested 4 or 5 days later (total
of 7 or 8 days) and the cells analyzed by flow cytometry.
Human PSC Culture and Differentiation
HESCs and hiPSCs were maintained as described (Kennedy et al., 2007; Yang
et al., 2008). Prior to differentiation, the cells were feeder depleted by culturing
on a thin layer of matrigel (BD Biosciences, Bedford, MA) in hESC media for
24 to 48 hr. For differentiation, cells were dissociated to small clusters
(10–20 cells) with collagenase B (1 mg/ml; Roche, Indianapolis, IN) for 20 min
followed by trypsin-EDTA (0.05%) for approximately 2 min. The clusters were
washed andcultured in 6-well low-cluster plates (Corning) in 2ml differentiation
media consisting of StemPro-34 (Invitrogen), supplemented with 10 ng/ml
penicillin/streptomycin, 2 mM L-glutamine, 1 mM ascorbic acid, and 4 3
104 M monothioglycerol (MTG) (Sigma). Aggregation induction for the cyto-
kine grid experiments for cell lines H1, MSC-iPS1, and Y2-1 were carried out
in 24-well low-cluster dishes (Corning, Corning, NY) in a total volume of
250 ml. Human-BMP4, human-bFGF, human-Activin A, human-DKK1, and
human-VEGF (R&D Systems) were added at the indicated time points and
concentrations. The Activin/Nodal/TGF-b and BMP inhibition experiments
were carried out with SB-431542 (Tocris, Ellisville, MO) and dorsomorphin
(Sigma), respectively. Cultures were maintained in a 5% CO2, 5% O2, 90%
N2 environment for the first 10–12 days and were then transferred into a 5%
CO2 air environment for the remainder of the culture period. At indicated time
points, cells were harvested and analyzed by flow cytometry or cell sorted.
Flow Cytometry, Cell Sorting, and Fluorescent Microscopy
EBs and cardiac cultures generated from human and mouse ESC differentia-
tion experiments were dissociated by incubation with TrypLE (Invitrogen) and
the cells were stained for the presence of appropriate markers. Mouse cells
were stained with the following antibodies: anti-mouse Flk1-biotin, anti-mouse
PdgfR-a (CD140a)-phycoerythrin (clone ABA5, ebioscience, San Diego, CA),
and goat anti-mouse IgG-allophycocyanin (BD). Human cells were stained
with the following antibodies: anti-KDR-phycoerythrin and anti-PDGFR-a-allo-
phycocyanin (R&D). Mouse and human cells were stained for intracellular anti-
gens with the following antibodies: anti-cardiac isoform of Troponin T (cTnT)
(clone 13-11, NeoMarkers, Fremont, CA), anti-smooth muscle actin (clone
E184, Abcam), and donkey anti-rabbit IgG-phycoerythrin (Jackson ImmunoR-
esearch, West Grove, PA). For cell surface markers, staining was carried out in
13 PBS or IMDM (Mediatech, Manassas, VA) with 4% FCS. For intracellular
proteins, staining was carried out on cells fixed with 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield PA) in PBS. The staining was done
in PBS with 4% FCS and 0.5% Saponin (Sigma). Stained cells were analyzed
on an LSRII flow cytometer (BD). Data were analyzed with FlowJo software
(Treestar, Ashland, OR). For fluorescent microscopy, D20 hESC-derived
cardiac monolayers were fixed and permeabilized as above. Cells were
stained for sarcomeric a-actinin (Abcam) and DAPI.
Quantitative Real-Time PCR
Total RNA was prepared with the RNeasy mini or micro kits (QIAGEN) and
treated with RNase-free DNase (QIAGEN). 100 ng to 1 mg RNA was reverse
transcribed into cDNA via random hexamers and Oligo (dT) with Superscript
III Reverse Transcriptase (Invitrogen). Real-time quantitative PCR was per-
formed on a MasterCycler EP RealPlex (Eppendorf). All experiments were238 Cell Stem Cell 8, 228–240, February 4, 2011 ª2011 Elsevier Inc.done in triplicate with SYBR Green JumpStart Taq ReadyMix (Sigma). The
oligonucleotide sequences are listed in Tables S1 and S2 (all from IDT). A
10-fold dilution series of sonicated mouse or human genomic DNA standards
ranging from 50 ng/ml to 5 pg/ml was used to evaluate the efficiency of the
PCR and calculate the copy number of each gene relative to the housekeeping
genes Actb (for mouse) or GAPDH (for human).
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